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Effects of Amphiphile Topology on the Aggregation of Oligocholates in
Lipid Membranes: Macrocyclic versus Linear Amphiphiles
Abstract
A macrocyclic and a linear trimer of a facially amphiphilic cholate building block were labeled with a
fluorescent dansyl group. The environmentally sensitive fluorophore enabled the aggregation of the two
oligocholates in lipid membranes to be studied by fluorescence spectroscopy. Concentration-dependent
emission wavelength and intensity revealed a higher concentration of water for the cyclic compound. Both
compounds were shown by the red-edge excitation shift (REES) to be located near the membrane/water
interface at low concentrations, but the cyclic trimer was better able to migrate into the hydrophobic core of
the membrane than the linear trimer. Fluorescent quenching by a water-soluble (NaI) and a lipid-soluble
(TEMPO) quencher indicated that the cyclic trimer penetrated into the hydrophobic region of the membrane
more readily than the linear trimer, which preferred to stay close to the membrane surface. The fluorescent
data corroborated with the previous leakage assays that suggested the stacking of the macrocyclic cholate
trimer into transmembrane nanopores, driven by the strong associative interactions of water molecules inside
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ABSTRACT: A macrocyclic and a linear trimer of a facially amphiphilic cholate building block were labeled with a ﬂuorescent
dansyl group. The environmentally sensitive ﬂuorophore enabled the aggregation of the two oligocholates in lipid membranes to
be studied by ﬂuorescence spectroscopy. Concentration-dependent emission wavelength and intensity revealed a higher
concentration of water for the cyclic compound. Both compounds were shown by the red-edge excitation shift (REES) to be
located near the membrane/water interface at low concentrations, but the cyclic trimer was better able to migrate into the
hydrophobic core of the membrane than the linear trimer. Fluorescent quenching by a water-soluble (NaI) and a lipid-soluble
(TEMPO) quencher indicated that the cyclic trimer penetrated into the hydrophobic region of the membrane more readily than
the linear trimer, which preferred to stay close to the membrane surface. The ﬂuorescent data corroborated with the previous
leakage assays that suggested the stacking of the macrocyclic cholate trimer into transmembrane nanopores, driven by the strong
associative interactions of water molecules inside the macrocycles in a nonpolar environment.
■ INTRODUCTION
Amphiphiles are molecules with segregated hydrophilic and
hydrophobic moieties in the structure. Among them are
common head/tail surfactants, amphiphilic block copolymers,
most proteins, nucleic acids, and some carbohydrates. Even the
simplest class of amphiphiles, the head/tail surfactants, can
form a wide variety of self-assembled structures, depending on
the relative volumes of the hydrophilic and hydrophobic
components.1 The hydrophilic and hydrophobic groups may be
arranged in other topologies as well. Facial amphiphiles, for
example, have their amphiphilic groups located on opposite
faces instead of on opposite ends as in the head/tail
surfactants.2−4 When multiple facial amphiphiles are connected
by covalent bonds,5−7 a rich array of structures can be obtained
including molecular umbrellas,8−10 responsive molecular
receptors,11−15 foldamers,16−21 and novel dendrimeric
hosts.22−24
We recently synthesized cholate-derived macrocycles such as
1,25,26 inspired by our previously reported oligocholate
foldamers that adopt helical structures with nanometer-sized
hydrophilic internal cavities.19−21 Hydrophobic interactions
typically work in aqueous solution instead of a nonpolar
medium. Macrocycle 1, however, was found to aggregate in
lipid bilayers to form transmembrane nanopores, driven by an
unusual form of hydrophobic interactions in the nonpolar
membrane environment. Brieﬂy, the rigid steroid backbone and
the macrocyclic framework ﬁx the compound into a “reverse
micelle-like” conﬁguration in which the polar hydroxyl and
amide groups point inward. The large, external hydrophobic
surface makes the macrocycle prefer the nonpolar membrane
instead of aqueous environment. Once the macrocycle enters
the membrane, its highly polar interior needs to be solvated by
water instead of lipid hydrocarbon, whereas the water
molecules inside strongly prefer to interact with other water
molecules instead of the lipid tails. The conﬂicting solvation
requirements for the interior and the exterior of the molecule
are resolved if multiple macrocycles stack over one another into
a transmembrane pore (Scheme 1). The arrangement allows
the water molecules inside the macrocycles to solvate the polar
groups of the cholates and still exchange with the bulk water
readily. The exchange of water may be quite important to the
pore formation, as the entropic cost for trapping a single water
molecule can be as high as 2 kcal/mol in some cases.27
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Transmembrane pores with inner diameter of 1 nm or larger
allow molecules and ions of signiﬁcant size to pass through the
lipid membrane.27,28 Synthetic pore-forming agents in recent
years have attracted many researchers’ attention. Although a
number of designs are available, the noncovalent forces utilized
in the self-assembling are mostly limited to hydrogen
bonds,29−32 aromatic interactions,33,34 and metal−ligand
coordination.35,36
The main evidence for the hydrophobically driven pore
formation came from leakage assays and various control
experiments.25,26 Although a pyrene-labeled macrocycle
provided spectroscopic support for the pore formation,25 we
were interested in gaining further insight into the aggregational
process. The emission of a ﬂuorophore is often highly sensitive
to its environment.37 In this paper, we prepared a cyclic trimer
(2) and a linear trimer (3), both labeled with a dansyl group.
The ﬂuorescent labeling allowed us to study the aggregation of
the two oligocholates in membranes by a number of techniques
including environmentally sensitive emission, red-edge excita-
tion shift (REES), and ﬂuorescence quenching. The study
revealed the importance of amphiphile topology on the
aggregation of the amphiphiles and provided additional
evidence for the hydrophobically driven pore formation.
■ EXPERIMENTAL SECTION
General. All reagents and solvents were of ACS-certiﬁed grade or
higher and used as received from commercial suppliers. Millipore
water was used to prepare buﬀers and liposomes. Routine 1H and 13C
NMR spectra were recorded on a Varian VXR-400 or on a Varian MR-
400 spectrometer. Fluorescence spectra were recorded at ambient
temperature on a Varian Cary Eclipse ﬂuorescence spectrophotometer.
The syntheses of compounds 321 and 425 were reported previously.
Synthesis of Compound 2. Compound 4 (44 mg, 0.034 mmol)
and dansyl chloride (10 mg, 0.036 mmol) were dissolved in a mixture
of CH2Cl2 (0.3 mL) and CH3OH (0.2 mL). Triethylamine (10 μL,
0.068 mmol) was added, and the mixture was stirred at room
temperature overnight. The solvents were removed by rotary
evaporation. The residue was puriﬁed by preparative TLC using 8:1
CH2Cl2/CH3OH as the developing solvent to give a light yellow
powder (21 mg, 40%). 1H NMR (400 MHz, CD3OD, δ): 8.50 (d,
1H), 8.32 (d, 1H), 8.14 (d, 1H), 7.38 (m, 2H), 7.11 (d, 1H), 4.14
(br,1H), 3.90 (br, 3H), 3.76 (br, 3H), 3.28 (br, 3H), 2.81 (s, 6H),
2.38−1.0 (series of m), 0.88 (s, 9H), 0.65 (s, 9H). 13C NMR (100
MHz, CDCl3/CD3OD = 1:1, δ): 176.9, 175.6, 172.4, 170.1, 151.7,
130.5, 128.9, 127.9, 127.3, 126.2, 123.9, 122.3, 115.2, 73.6, 68.7, 59.3,
54.4, 50.1, 45.9, 36.8, 36.3, 32.2, 28.7, 27.2, 22.8, 17.6, 12.7. ESI-
HRMS (m/z): [M + H]+ calcd for C89H139N65O12S, 1516.0170; found,
1516.0166.
Liposome Preparation. Unlabeled POPC/POPG large unilamel-
lar vesicles (LUVs) were prepared according to a literature
procedure.38 A chloroform solution of POPC (25 mg/mL, 198 μL)
and POPG (50 mg/mL, 10.0 μL) was placed in a 10 mL test tube and
dried under a stream of nitrogen. The residue was dried further under
high vacuum overnight. Rehydration of the lipids was done using
HEPES buﬀer (10 mM HEPES, 107 mM NaCl, pH = 7.4) and allowed
to continue for 30 min with occasional vortexing. The opaque
dispersion was subjected to ten freeze−thaw cycles. The resulting
mixture was extruded 29 times through a polycarbonate ﬁlter
(diameter = 19 mm, pore size = 100 nm) at room temperature
using an Avanti Mini-Extruder. A portion (0.3 mL) of the liposome
solution was diluted to 5.0 mL with the HEPES (10 mM HEPES, 107
mM NaCl, pH = 7.4) buﬀer. The concentration of phospholipids in
the stock solution was 0.86 mM.
Fluorescence Spectroscopy and REES. Stock solutions (2.0 ×
10−4 M) of 2 and 3 in DMSO were prepared. Aliquots of the above
LUV solution (250 μL) and HEPES buﬀer (1750 μL, 10 mM HEPES,
107 mM NaCl, pH = 7.4) were placed in a series of cuvettes. The
concentration of phospholipids in each cuvette was 107 μM. Aliquots
of the oligocholate solution were added to the cuvettes via a
microsyringe. The amount of DMSO introduced to each sample was
≤20 μL. The sample was vortexed gently for 5 s. The ﬂuorescence
spectrum was recorded with the excitation wavelength set at 330 nm.
For the REES experiments, the excitation wavelength was varied from
340 to 365 nm while the maximum emission wavelength was
monitored.
Scheme 1. Schematic Representation the Idealized Pore Formation of Oligocholate Macrocycle 1 in a Lipid Bilayer Membrane
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Fluorescence Quenching. A typical procedure for the quenching
experiment is as follows. Stock solutions (5.0 × 10−4 M) of 2 and 3 in
DMSO were prepared. An aliquot of the above LUV solution (250
μL) and HEPES buﬀer (1750 μL, 10 mM HEPES, 107 mM NaCl, pH
= 7.4) were placed in a quartz cuvette. The concentration of
phospholipids in each cuvette was 107 μM. An aliquot (13.0 μL) of
the stock solution was added via a microsyringe and vortexed gently
for 5 s before the initial ﬂuorescence spectrum was recorded. In the
case of the water-soluble quencher, aliquots (10.0 μL) of NaI (7 M in
the above HEPES buﬀer that contained 0.1 mM Na2S2O3) were added
with a Hamilton Gastight syringe. In the case of the lipid-soluble
quencher, aliquots (2.0 μL) of TEMPO (0.5 M in ethanol) were
added. After each addition, the sample was vortexed gently for 5 s. The
ﬂuorescence spectrum was recorded over 10 min at 1 min intervals and
averaged. The excitation wavelength was set at 330 nm.
■ RESULTS AND DISCUSSION
Environmentally Sensitive Fluorescence. The main
evidence for the pore formation of the oligocholate macrocycles
is as follows.25 First, cyclic trimer 1 triggered highly eﬃcient
leakage of glucose and even maltotriose from large unilamellar
vesicles (LUVs). Second, lipid-mixing assays and DLS
conﬁrmed the integrity of the membranes and ruled out
other mechanisms such as membrane fusion and destruction as
the cause of the leakage. Third, strong cooperativity was found
among four macrocycles in the glucose transport across POPC/
POPG membranes. The hydrophobic matching between the
membrane and the height of the macrocycle suggests that it
takes approximately four stacked macrocycles to span the
hydrophobic core of a POPC/POPG bilayer. Fourth, the
addition of 30% cholesterol to the POPC/POPG membrane
caused a counterintuitive increase in the glucose transport rate.
Cholesterol is known to increase the hydrophobic thickness39
of POPC bilayer and decrease its ﬂuidity.40 Cholesterol-
containing bilayers have been shown to be much less permeable
to hydrophilic molecules, including glucose.41,42 The result,
however, is fully consistent with the hydrophobically driven
pore formationas the membrane becomes more hydrophobic
with the addition of cholesterol, the driving force for the
stacking is higher and more eﬃcient pore formation is expected
to aﬀord faster glucose transport. Fifth, a longer hydrophilic
guest should have more diﬃculty moving across the membrane,
but maltotriose was found to be transported faster across the
membrane than glucose, especially by the cyclic cholate
tetramer. The result was attributed to the trisaccharide
threading through multiple macrocycles to “template” the
formation of the nanopore. Sixth, guests whose cross section is
larger than the inner diameter of the macrocycle do not display
the signatures of the pore-forming mechanism during leakage
assays.26
Although convincing, the data from the leakage assays mainly
provided functional evidence for the nanopores. The pore
formation was inferred from performance data that could not
be explained easily by alternative mechanisms. Spectroscopic
techniques, on the other hand, potentially can aﬀord details
such as the location of the molecule of interest, its local
environment, and concentration dependency. Such studies
should complement the functional assays and give insights into
the pore-forming mechanism diﬃcult to be obtained otherwise.
How do we use the dansyl-labeled compounds to probe the
pore formation? Our previous study shows that linear trimer 5
was completely inactive at transporting hydrophilic molecules
across lipid membranes.25,26 Clearly, although having the same
number of the facially amphiphilic cholate building block, the
arrangement of the cholates is critical to the transport activity.
Linear oligocholates, hence, should behave diﬀerently from
cyclic ones in a membrane, making compounds 2 and 3 a
perfect pair to compare.
Both the emission intensity and wavelength of dansyl are
highly sensitive to its local environment.43 In general, the
emission wavelength (λem) shifts to the red in more polar
environments while the emission intensity decreases. The trend
is true in both binary solvents43 and in microphase-separated
systems such as micelles.44
Figure 1a shows the emission intensity of 2 and 3 in POPC/
POPG membranes (data points connected by solid lines). In
these experiments, the concentration of the oligocholate was
varied while that of the phospholipids was kept the same (107
μM). Because cholate oligomers have negligible solubility in
water,25,45 both 2 and 3 were assumed to be solubilized within
the lipid membranes in the aqueous solution. It is clear from
that data that the linear trimer (◆) emitted much more
strongly than the cyclic trimer (■), indicative of a higher
environmental polarity for the dansyl in the latter. The same
conclusion could be drawn from the emission wavelength. As
shown by Figure 1b, the average λem for the linear and the cyclic
trimer in the POPC/POPG membrane was 493.1 ± 1.3 and
502.2 ± 1.6 nm, respectively. The 9 nm red-shift for the cyclic
compound indicates that its dansyl was indeed in a more polar
microenvironment than that of the linear trimer.
There are at least two possible ways to explain the diﬀerent
environmental polarity for the two compounds. First, the
macrocyclic trimer (2) has a ﬁxed hydrophilic cavity and thus is
expected to be better at retaining water than the linear trimer. If
a small water pool exists in the center of the cyclic trimer, the
nearby dansyl should sense the local hydrophilicity and display
red-shifted and weaker emission as a result. According to the
pore-forming mechanism, the cyclic trimer can stack up in the
z-direction and aggregate into a nanotube (Figure 1). The
model suggests that the stacked oligocholate macrocycles have
a continuous water pore going through the center. These water
molecules should increase the local polarity for the dansyl
group on the cyclic trimer, weakening the emission intensity
and shifting λem to the red. Second, the two compounds may
Figure 1. (a) Emission intensity and (b) maximum emission
wavelength (λem) of compounds 2 (■) and 3 (◆) in POPC/POPG
membranes (data points connected by solid lines) and 30%
cholesterol/POPC/POPG membranes (data points connected by
dashed lines). λex = 330 nm. [Phospholipids] = 107 μM.
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penetrate to diﬀerent degrees into the hydrophobic core of the
membrane. If a compound penetrates deeper into the
membrane, its dansyl should be less exposed to water and
thus emit more strongly at a shorter wavelength. As will be
shown later by both REES and ﬂuorescence quenching,
however, the cyclic compound was actually deeper into the
membrane than the linear trimer. Normally, the dansyl
emission should be blue-shifted and stronger for the cyclic
trimer under such a condition. Clearly, something other than
the membrane penetration was controlling the emission of the
dansyl.
As mentioned earlier in the paper, the addition of cholesterol
increases the hydrophobic thickness39 of POPC bilayer and
decrease its ﬂuidity.40 Assuming both the cyclic and the linear
oligocholates are embedded in the membranesdue to the
dominance of hydrophobic groups in the structurethe
addition of cholesterol into the membrane should increase
the overall environmental hydrophobicity. As shown by the
dashed lines in Figure 1a, however, both compounds displayed
weaker emission.
In POPC/POPG membranes, the weaker emission of the
cyclic trimer (■) was accompanied by a red-shift of λem (the
solid lines in Figure 1a,b). The weaker emission in the
cholesterol-containing membranes, however, did not display
the concomitant red-shift. The average emission wavelengths of
compound 2 were 499.4 ± 1.6 and 502.2 ± 1.6 nm with and
without cholesterol, respectively; those of compound 3 were
491.0 ± 2.1 and 493.1 ± 1.3 nm, respectively. Statistically,
therefore, the addition of cholesterol did not shift the emission
wavelength, suggesting that the lower emission intensity of 2
and 3 in the presence of cholesterol did not derive from higher
local environmental polarity but may have other origins that are
currently not clear to us.
It should be mentioned that the relative diﬀerence between
the cyclic and the linear compound was maintained in the
cholesterol-containing membranes. The emission intensity, for
example, was lower for the cyclic trimer (■) than for the linear
trimer (◆), as shown by the dashed lines in Figure 1a. The
emission wavelength was about 8 nm red-shifted for the cyclic
trimer (Figure 1b). Therefore, regardless of the exact reasons
for the overall lower emission intensity of the dansyl in the
cholesterol-containing membranes, the environmental polarity
for the dansyl was higher for the cyclic than the linear trimer.
The observation was consistent with the stronger ability of the
cyclic compound to retain water in the membrane and the pore
formation as a result of the associative interactions of the
entrapped water.
Red-Edge Excitation Shift (REES). The shape of the
emission spectrum of a ﬂuorophore in solution is independent
of the excitation wavelength because, prior to the emission, fast
internal conversion makes the excited ﬂuorophore rapidly relax
to the lowest-energy vibrational state of the ﬁrst singlet excited
state (Kasha’s rule). Solvent relaxation, however, slows down in
motion-restricting environments. In a highly viscous solution,
for example, when the ﬂuorophore is excited on the red edge of
the absorption band, the subpopulation of the ﬂuorophore with
the solvation shell similar to that of the excited state is
selectively excited, yielding a lower-energy emission band. This
phenomenon, referred to as the red-edge excitation shift or
REES, is typically found for polar ﬂuorophores that interact
strongly with solvent molecules in a motion-restricting
environment.46,47
When a ﬂuorophore is in the bulk aqueous phase, although it
may interact strongly with the solvent, solvent relaxation is fast
due to rapid solvent reorientation. When the ﬂuorophore is
located inside the hydrocarbon phase of the membrane, the
nondirectional van der Waals interactions do not respond
strongly to the increased polarity of the excited ﬂuorophore and
the solvation eﬀect is often quite weak. At the membrane/water
interface, the water molecules can only form a limited number
of favorable interactions with other water molecules at the
interface and with the lipid headgroups. Under such a
condition, solvent relaxation slows down dramatically, making
the membrane/water interface the most “REES-prone” region
of the lipid bilayer.48,49
Figure 2a shows the emission wavelengths (λem) of
oligocholates 2 and 3 as a function of the excitation wavelength
(λex) at [oligocholate]/[phospholipids] = 0.05% (Figure 2a).
Glucose transport at this level of the oligocholates (cyclic or
linear) was negligible.25 The cyclic trimer, hence, should be
mostly in the nonaggregated or dissociated form at this
concentration. Two trends are immediately noticeable when
the two compounds are compared. First, the emission
wavelength of the cyclic trimer (■) is consistently higher
than that of the linear trimer (◆). The observation is
consistent with Figure 1b and suggests that the dansyl group of
the cyclic compound was in a more polar microenvironment
than that of the linear derivative. Second, the linear trimer gives
a larger REES (10 nm) than the cyclic trimer (7 nm). The 3 nm
diﬀerence is signiﬁcant, indicating that a higher percentage of
the linear trimer was residing at the membrane/water interface
than the cyclic trimer. In other words, it is easier for the cyclic
trimer than for the linear trimer to penetrate deep into the
membrane, even at this very low concentration.
Figure 2. Eﬀect of excitation wavelength on the emission wavelength for compounds 2 (■) and 3 (◆) in POPC/POPG membranes, with
[oligocholate]/[phospholipids] = (a) 0.05%, (b) 0.5% (△), and (c) 5% (□). [Phospholipids] = 107 μM.
Langmuir Article
dx.doi.org/10.1021/la301090t | Langmuir 2012, 28, 8165−81738168
The conclusion from the REES is reasonable from a
structural point of view. With the hydrophilic hydroxyl and
amide groups pointing inside and the exterior completely
hydrophobic, the cyclic trimer is more compatible with a
nonpolar environment than the linear trimer, which has
exposed polar groups. In order for the linear trimer to enter
the hydrophobic core of the membrane, it has to either fold
into a “reverse micelle-like” conformation with introverted
polar groups or aggregate intermolecularly to bury the polar
groups. Our previous study demonstrated that the parent
oligocholate foldamers (i.e., oligocholates without other
building blocks in the sequence) require at least ﬁve cholate
units to fold.45 It is thus unlikely for 3 to adopt the folded
conformation. At low concentrations such as 0.05 mol %, it is
probably diﬃcult for 3 to aggregate in the membrane. Most
likely, the linear trimer is embedded in the membrane, with its
hydrophilic faces toward water. Such a conﬁguration satisﬁes
the needs of both hydrophilic and hydrophobic faces of the
molecule and is certainly consistent with the incompetency of
the linear trimer in transporting hydrophilic guests across lipid
membranes.25,26
REES in general decreases with increasing concentrations of
the oligocholates in the membrane (Figure 2b,c). Apparently,
when more oligocholates enter the membrane, the membrane/
water interface cannot accommodate all of these amphiphilic
molecules. As suggested by the leakage data, the cyclic trimer
can enter the hydrophobic core of the membrane and begin to
stack into the transmembrane pore. The linear trimer is
completely incapable of transporting hydrophilic guests
including glucose even at 5 mol % concentration in the
membrane.25 Thus, whether in the aggregated or dissociated
form, the linear compound does not have pores large enough
for glucose to pass through. Longer oligocholate foldamers such
as hexamers are known to fold into guest-binding helices and
act as carriers to shuttle guests across the membrane.21,50 The
linear trimer could not do so, evident from its lack of activity in
the transport.25,26 Because REES demonstrates that the
majority of the linear timer was not at the membrane/water
interface above 0.5 mol % concentration, the compound must
be at least partly in the hydrophobic region of the membrane.
To be compatible with the nonpolar environment, the linear
trimer should be in the aggregated form with the polar groups
buried inside. Hydrogen bonds among the polar hydroxyl and
amide groups should be the primary driving force for the
aggregation.
It should be pointed out that a linear cholate trimer with
ﬂexible 4-aminobutyroyl spaces in between the cholate groups
was found quite active in glucose transport.51 The transport
displayed zero-order kinetics and was attributed to tight
intermolecular aggregates that have hydrophilic crevices for
the glucose to “squeeze through”. Since REES suggests that
compound 3 aggregated at ≥0.5 mol % concentration inside
the membrane, the aggregates formed by this compound must
be diﬀerent from those formed by the ﬂexible cholate trimer.
There is signiﬁcant evidence in the literature that suggests rigid
(linear) oligocholates cannot pack tightly due to the awkward
shape of the molecule, the facial amphiphilicity, and the short
linkages between the fused steroid rings.51−54 To reconcile the
leakage25,26 and the REES data, the aggregates of the (rigid)
linear trimer 3 must not be able to migrate easily across the
bilayer membrane (otherwise, they should be able to
encapsulate hydrophilic guests and help their translocation).
To penetrate into the hydrophobic core of the membrane
without migrating to the other side, the aggregates of the linear
trimer most likely equilibrate rapidly with the dissociated form,
which lies at the membrane/water interface. In this way, the
oligocholate never moves far away from the membrane/water
interface even when it (in the aggregated form) enters the
hydrophobic region of the bilayer membrane.
Notably, even at higher concentrations (Figure 2b,c), the
emission wavelength of the cyclic trimer (■) was consistently
higher than that of the linear trimer (◆). Hence, despite its
deeper penetration into the hydrophobic core of the
membrane, the cyclic trimer always has a higher local polarity
near its dansyl group, regardless of its aggregational state. The
seemingly contradictory results make perfect sense if the cyclic
compounds aggregate into the nanopore depicted in Figure 1.
Essentially, although better at penetrating the hydrophobic core
of the membrane due to its hydrophobic exterior, the cyclic
trimer always carries a nanosized water pool with it due to its
highly polar interior. These water molecules have strong
preferences to interact with other water molecules instead of
the lipid hydrocarbon. It is the associative interactions of these
“activated” water molecules that drive the oligocholate
macrocycles to stack into the transmembrane pore. In other
words, it is the template eﬀect of these water molecules that
makes the macrocycles stack.
We also examined the REES at the three diﬀerent
concentrations of the oligocholates in cholesterol-containing
membranes (Figure 1S). The results overall were quite similar
to those without cholesterol. Although slightly smaller REES
was obtained at 0.05% of the oligocholates, the concentration-
dependent aggregation and the stronger environmental polarity
were both observed for the cyclic trimer.
Fluorescence Quenching. Fluorescent quenching is a very
useful technique to probe the location of the ﬂuorophore.
Depending on the solubility of the quencher, we can easily
determine not only the environmental polarity around the
ﬂuorophore but also its accessibility. Because of its overall
hydrophobicity, an oligocholate prefers the membrane instead
of aqueous environment.25,26 After it enters a membrane,
however, it may be deep inside the hydrophobic core of the
lipid bilayer or close to the surface, as indicated by the REES.
From the structural point of view, to penetrate deep into the
membrane, the oligocholate has to bury its polar groups by
pore formation,25,26 folding,21,50 or intermolecular aggrega-
tion.51 To stay at the membrane/water interface, it needs to
turn its hydrophilic faces to water, while keeping its
hydrophobic faces in contact with the lipid hydrocarbon.
To understand the behavior of oligocholates 2 and 3 in lipid
bilayers, we monitored their ﬂuorescence in the presence of a
water-soluble (NaI) and a lipid-soluble quencher (TEMPO),
respectively. If the dansyl group is located near the membrane/
water interface, its emission should be quenched signiﬁcantly by
NaI. If the dansyl migrates inside the hydrophobic core of the
membrane, it should be more accessible to the lipid-soluble
TEMPO.
We performed the ﬂuorescence quenching at two diﬀerent
concentrations of the oligocholates, i.e., [oligocholate]/
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[phospholipids] = 0.2 and 3%. Negligible glucose leakage was
observed with 0.2% of macrocycle 1 in POPC/POPG
liposomes, and complete leakage occurred when the concen-
tration was increased above 2%.25 The 0.2 and 3%
concentrations, therefore, should correspond to the dissociated
and aggregated forms of the cyclic trimer (2).
Figure 3 shows the quenching of the oligocholates by the two
quenchers with [oligocholate]/[phospholipids] = 0.2%.
Quenching by the water-soluble NaI implied that, although
solubilized within the lipid bilayers, both compounds were
accessible to NaI (Figure 3a). A signiﬁcant portion of the
compounds must be located at the membrane/water interface
at this concentration, in agreement with the REES data. The
quenching plots for both compounds displayed large downward
curvature. The downward deviation from the linear Stern−
Volmer plots is frequently observed in proteins in which a
portion of the ﬂuorophores is buried and inaccessible to the
quencher.37 The data may be analyzed by the modiﬁed Stern−
Volmer equation
Δ = − = +F F F F F f K f/( ) /( ) 1/( [Q]) 1/0 0 0 a a a
in which F0 is the initial ﬂuorescence intensity, F the
ﬂuorescence intensity after the addition of the quencher Q, fa
the assessable fraction of the ﬂuorophore to the quencher, and
Ka the Stern−Volmer quenching constant for the assessable
ﬂuorophores. As shown by Figure 4, the modiﬁcation indeed
aﬀorded linear plots, regardless of the solubility of the
quencher.
Figure 5 shows the quenching plots at the higher
oligocholate concentration (i.e., 3 mol % in the membrane).
The cyclic trimer is supposed to aggregate into the nanopore at
this concentration.25 As shown by Figure 5a, portions of both
compounds remained accessible to NaI, although it was clear
that the cyclic compound (■) was quenched much less than
the linear trimer (◆). Interestingly, the situation became
completely diﬀerent when the lipid-soluble TEMPO was the
quencher. The linear Stern−Volmer plots in Figure 5b indicate
that the dansyl groups of both oligocholates were fully
accessible to the organic quencher.
Table 1 summarizes the quenching data for the two
oligocholates. All the correlation coeﬃcients, whether for the
linear Stern−Volmer plots or the modiﬁed Stern Volmer plots,
were at least 0.99. When the water-soluble NaI was used as the
quencher, the accessible fractions ( fa) of the dansyl ranged from
30 to ∼50% (entries 1−4). For the oil-soluble TEMPO, the
accessible fractions ranged from 76% to 100% (entries 5−8).
Several conclusions may be drawn from the quenching data.
The overall higher fa values for the oil-soluble quencher
conﬁrmed that the oligocholates were in a hydrophobic
environment, i.e., the lipid bilayer membrane. Since linear
Stern−Volmer plots were obtained when NaI quenching was
performed for the oligocholates in a buﬀer without any
liposomes (data not shown), the membrane environment must
have provided signiﬁcant shielding to the oligocholates,
consistent with the latter’s hydrophobicity. Figure 3a shows
that NaI could access the two oligocholates (at 0.2 mol %
concentration in the membrane) with similar probability.
Quantitatively, fa (43 and 47%) and Ka (9.3 and 8.0 M
−1)
were both very similar for the two compounds (Table 1, entries
1 and 2). To the oil-soluble TEMPO quencher, the accessible
fractions were experimentally identical (77 and 76%, entries 5
and 6). These results suggest that the oligocholates were in very
similar environments at this concentration, most likely at the
membrane/water interface while being embedded in the
membranesimilar conclusions were drawn earlier from the
Figure 3. Fluorescence quenching of oligocholates 2 (■) and 3 (◆)
using (a) NaI and (b) TEMPO as the quencher. [Oligocholate]/
[phospholipids] = 0.2%. [Phospholipids] = 107 μM.
Figure 4. Modiﬁed Stern−Volmer plots oligocholates 2 (■) and 3
(◆) using (a) NaI and (b) TEMPO as the quencher. [Oligocholate]/
[phospholipids] = 0.2%. [Phospholipids] = 107 μM.
Figure 5. Fluorescence quenching of oligocholates 2 (■) and 3 (◆)
using (a) NaI and (b) TEMPO as the quencher. [Oligocholate]/
[phospholipids] = 3%. [Phospholipids] = 107 μM.
Table 1. Quenching Data Obtained for Compounds 2 and 3
entry compda quencher fa (%) Ka (M
−1)
1 0.2 mol % 2 NaI 43 9.3
2 0.2 mol % 3 NaI 47 8.0
3 3 mol % 2 NaI 30 10.4
4 3 mol % 3 NaI 49 11.3
5 0.2 mol % 2 TEMPO 77 501
6 0.2 mol % 3 TEMPO 76 1580
7 3 mol % 2 TEMPO 100b 810
8 3 mol % 3 TEMPO 100b 580
aThe percentage was the molar ratio of the oligocholate to the
phospholipids. bLinear Stern−Volmer plots were obtained (Figure
5b).
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REES studies. It should be mentioned that the combined
accessible fractions for the water- and oil-soluble quencher do
not have to add up to 100%, as the ﬂuorophores located at the
membrane/water interface should be accessible to both
quenchers. It is illuminating to see that both compounds
were more accessible to TEMPO than to NaI, suggesting that
the compounds were indeed in a hydrophobic environment.
When the concentration of the two oligocholates was
increased to 3 mol %, their quenching eﬃciencies, as suggested
by the Stern−Volmer constants (Ka), stayed largely the same
(Table 1, entries 3 and 4). The increasing concentration did
not change the NaI-accessible fractions of the linear trimer
eitherfa = 47 and 49% with 0.2 and 3 mol % of 3 in the
membrane. On the other hand, fa dropped sharply for the cyclic
trimer, from 43 to 30% over the same concentration change.
Clearly, the cyclic trimer migrated deeper into the membrane at
the higher concentration, exactly as what the REES revealed
earlier.
As mentioned previously, the quenching of compounds 2
and 3 by TEMPO aﬀorded linear Stern−Volmer plots at 3 mol
% concentration (Figure 5b). Both compounds, hence, became
fully accessible to the lipid-soluble quencher. The results agree
well with the NaI-quenching data and the REES, suggesting
that both compounds migrated into the hydrophobic core of
the membrane at the higher concentration in the membrane. It
is extremely interesting to see that fa of the linear trimer did not
change for NaI but increased for TEMPO at the higher
concentration of the oligocholate. The data demonstrated that,
even though trimer 3 became completely accessible to TEMPO
at the higher concentration, the same percentage of the
molecule remained close to the surface of the membrane and
could be quenched by NaI. The results are in full agreement
with the lack of transport activity of the linear trimer25,26 and
once again suggest that the aggregates of the linear trimer never
migrated deep inside the membrane and probably equilibrated
rapidly with the nonaggregated, surface-occupying form. As
discussed earlier, the rapid dissociation is due to the instability
of the aggregates, caused by the poor packing of awkwardly
shaped oligocholates inside the membrane.51−54
The Stern−Volmer constants (Ka) for the cyclic and the
linear trimer were quite similar with NaI as the quencher at
both concentrations (Table 1, entries 1−4). With TEMPO as
the quencher, the concentration eﬀect on Ka was opposite for
the two compounds (entries 5−8). At 0.2 mol %, Ka was 501
M−1 for the cyclic trimer and 1580 M−1 for the linear trimer.55
The number became 810 M−1 for the cyclic trimer and 580
M−1 for the linear trimer at 3 mol % of the oligocholates. Thus,
the increase of the oligocholate concentration caused a large
decrease of Ka for the linear trimer (3) but a modest increase
for the cyclic trimer (2). We believe that the opposite
concentration eﬀects for the two compounds are additional
evidence for their diﬀerent aggregation in the membrane. For
the cyclic compound, aggregation takes place perpendicular to
the lipid membrane and aﬀords the transmembrane nanopore.
All the dansyl groups in the stacked aggregates should be easily
approachable to the lipid-soluble quencher. In fact, because
some cyclic trimers will stay in the middle of the lipid bilayer
according to the stacking model (Figure 1), the average
quenching constant should increase as more cyclic trimers
move from the surface to the interior of the membrane. For the
linear trimer, aggregation forms as the molecules hydrogen
bond with one another in the nonpolar membrane. Larger
aggregates are expected to move slowly in the membrane,
which could be one reason for the decreased Ka. In addition,
aggregation may partially bury some dansyl groups. Although
these (partially buried) dansyl groups may still be accessible to
TEMPO, their collision could certainly be hampered by the
aggregation.
We also performed the quenching studies with 30%
cholesterol in the membrane (Figure 2S). Both compounds
became less accessible to the water-soluble NaI quencher,
whereas the quenching by the oil-soluble TEMPO stayed
essentially the same. The results agree well with the earlier data
and suggest that the addition of cholesterol makes the
membrane more hydrophobic. Such a membrane can better
shield the oligocholates from the aqueous solution, reducing
their quenching by the water-soluble NaI.
■ CONCLUSIONS
Despite the signiﬁcant size of the dansyl group, the
ﬂuorescently labeled oligocholates (2 and 3) provided much
insight into how the amphiphile topology may impact the
behavior of the amphiphile in the membrane environment. The
cyclic cholate trimer (2) has an enclosed hydrophilic cavity.
The cavity is triangle-shaped with each side about 1 nm in
length.25 Being highly hydrophilic with six hydroxyl groups and
three amides, the cavity needs to be ﬁlled with water instead of
the lipid tails when the molecule enters the membrane. This
water pool gives higher environmental polarity to the dansyl of
cyclic trimer, reﬂected by its weaker emission intensity and
longer emission wavelength in comparison to those of the
linear trimer (3). As revealed by REES and the ﬂuorescence
quenching, the cyclic trimer can penetrate into the hydrophobic
core of the membrane better than the linear trimer, carrying the
nanosized water pool into the nonpolar environment. To avoid
unfavorable water/hydrocarbon contact, these water molecules
cluster together in the membrane, inducing the stacking of
cyclic trimers in the z-direction and forming the trans-
membrane nanopore in the meantime.
Our previous leakage assays only revealed the lack of
transport activity for the linear trimer.25,26,51 The current
ﬂuorescent study aﬀorded some mechanistic insight into the
reason for its incompetency. At low concentrations, the linear
trimer (3) was shown by REES to prefer the membrane/water
interface more than the cyclic trimer. The preference is
understandable given the ability for the linear trimer to turn its
hydrophilic groups to water while being embedded in the
membrane. At higher concentrations, the linear trimer still has a
stronger preference for the interfacial region of the membrane
than the cyclic trimer. Although the TEMPO-quenching
experiments demonstrated that the linear oligocholate can
aggregate intermolecularly and move toward the interior of the
lipid bilayer, the aggregates seem to be close to the membrane
surface and in rapid equilibrium with the dissociated
compounds located on the surface. The inability of the linear
trimer to move deep into the membrane is the very likely
reason for its lack of transport activity and probably related to
the poor packing of its intermolecular aggregate. As our
previous studies revealed, loosely packed aggregates of rigid
oligocholates have low stability in nonpolar environ-
ments51,53,54 and should have diﬃculty moving across the
membrane.
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